developed an versatile method for the identification of small plant chromosomes. The method does not involve any banding treatment but analyzes the condensation pattern, i.e. uneven condensation of chromatin fibers appearing at the prometaphase chromosomes. So far, the chromosomes of Atriplex rosea (Fukui and Mukai 1988) , rice (Fukui and Iijima 1991) , oilseed rape (Kamisugi et al. 1998) , three diploid Brassica species , wild sugarcane (Ha et al. 1999 ) and spinach (Ito et al. 2000) were identified based on the condensation pattern and the quantitative chromosome maps were developed. The condensation pattern is now considered to be a key parameter to characterize small plant chromosomes and to facilitate the construction of a chromosome map.
In the present research, we analyzed quantitatively the Arabidopsis prometaphase chromosomes using the chromosome image analyzing system III (CHIAS 3) (Kato and Fukui 1998 (Maluszynska and Heslop-Harrison 1991 , Murata et al. 1997 , Fransz et al. 1998 lijima 1991, Fukui et al. 1998) . Numerical data of the density profile (CP) along the mid-rib of each chromatid, which represent the condensation pattern were measured by using CHIAS 3 (Kato and Fukui 1998 at the prometaphase in detail. According to a common procedure using DAPI, Fig . la shows 10 metaphase chromosomes evenly stained. Because the individual chromosome was small and similar in morphology, it was difficult to distinguish them from each other . In contrast to the metaphase chromosomes, prometaphase chromosomes showed an uneven condensation along the chromosome, which was depicted by intensely (condensed), and faintly stained (dispersed) regions (Fig . Variations in the condensation patterns such as degrees and regions were recognized among the chromosomes. Based on the characteristic condensation pattern to each homologous chromosome , all the chromosomes were identifiable and the chromosome number was designated in accordance with the numbers of the linkage map (Murata et al. 1997 , Koornneef et al. 1983 ).
Thus in this study, the uneven condensation of each chromosome was Quantified by usin CHIAS 3. The CPs of DAPI-stained chromosomes were shown in Fig. 2 . The CPs indicated that each of the five chromosomes displayed its own characteristics. The threshold (Gray value =100) in the profiles corresponds to the visual boundary between intensely (condensed) and faintly stained (dispersed) regions. The condensed regions with the higher gray values are depicted as the gray regions in the idiogram.
Physical mapping of 45S and 5S rDNA loci on Arabidopsis chromosomes
FISH signals on the chromosomes were shown in Fig. lc and 1 d . 45S rDNA sites were detected as red signals on the short arms of chromosomes 2 and 4. Signals from 45S rDNA on chromosome 2 were stronger than those on chromosome 4, which was consistent with the results obtained by Murata et al. (1997) . 45S rDNA loci on chromosomes 2 and 4 are estimated approximately as 3.5 and 4.0 Mb by the RFLP analysis, respectively (Copenhaver and Pikaard 1996a) . The visual difference in the signal intensity between the two 45S rDNA loci did not necessarily reflect the difference in the copy number of 45S rDNA. It may be caused by the differences in hybridization efficiency, due to the difference in the condensation degree of the chromatin fibers between these two NOR regions. Thus it was likely that the 45S rDNA on chromosome 2 condenses more slowly than that on chromosome 4 in Arabidopsis. On the other hand, at the interphase, almost similar signal intensity between chromosomes 2 and 4 was detected, as described by Maluszynska and Heslop-Harrison (1991) , because the chromatin structure in interphase nuclei was more relaxed to the similar levels for both the 45S rDNA regions than in the prometaphase.
Six signals from the three 5S rDNA loci were detected on the short arms of chromosomes 3, 4
and 5 (Fig. 1d) . The 5S rDNA signals on chromosome 5 were slightly stronger than those at the other sites. The 5S rDNA located on the short arm close to the centromere of chromosome 4. However, the molecular map localized the 5S rDNA, has been placed on the long arm close to the centromere (Schmidt et al. 1995) . The reason for this discrepancy between our FISH results and YAC contigs might be due to the difficulty in the determination of the centromere by the presence of repeat sequences around the centromeric region. Our FISH results were consistent with the previous FISH results using mitotic chromosomes (Murata et al. 1997 ) and pachytene chromosomes (Fransz et al. 2000) . One 5S rDNA locus is closely localized to the 45S rDNA locus on the short arm of chromosome 4. Close proximity of 45S and 5S rDNAs is not common among plant species but have also been reported in Brassica napus (Kamisugi et al. 1998) , B. rapa , Oryza officinalis and O. eichingeri (Shishido et al. 2000 ).
The precise mapping of rDNA loci on the defined chromosomal regions was performed using the CHIAS 3/FISH version. The CPs and signal profiles of the rDNAs after FISH were shown in FISH signals of 45S rDNAs on the chromosomes 2 and 4 covered extended regions reaching the end of the short arms. Each unit sequence of 45S rDNA was ca.10 kb long and the repeat occurred in long tandem arrays occupying 8% of the genome (Pruitt and Meyerowitz 1986, Copenhaver and Pikaard 1996a) . Molecular evidence revealed by RFLPs of 45S rDNA using pulsed field gels electrophoresis indicated that the rDNAs reach the ends of short arm for both chromosomes 2 and 4, adjoining the telomere sequences (Copenhaver and Pikaard 1996b) . Thus, the 45S rDNA loci on the idiogram were not depicted by dots like 5S rDNA loci, but by the regions covering from the end of short arms to the peaks of the signals and the same extension towards the centromere. 5S rDNA is organized in tandem arrays of ca.500 bp unit length and contained approximately 1000 copies per haploid genome in Arabidopsis (Campell et al. 1992) . Thus 5S rDNA loci were indicated by the dots on the idiogram.
Characterization of each Ambidopsis chromosome Table I shows the morphological data and the positions of rDNA loci, which are averaged for The present study enables to develop the chromosome map of Arabidopsis by using imaging method based on the condensation patterns. It is possible to visualize not only rDNA loci but also single copy genes or low-copy sequences on the Arabidopsis chromosomes by FISH as already shown in Brassica (Kamisugi et al. 1998 ) and rice (Ohmido et al. 1998 ). The quantitative chromosome map is useful for mapping the DNA sequences visually detected. It is concluded that the quantitative chromosome map developed in the present study is useful not only for cytological studies but also for genomics and molecular biology of Arabidopsis.
